The function of the Rhesus (Rh) complex in the human red cell membrane has been unknown for six decades. Based on the organismal, organ, and tissue distribution of Rh proteins, and on our evidence that their only known paralogues, the ammonium and methylammonium transport proteins (also called methylammonium permeases), are gas channels for NH 3, we recently speculated that Rh proteins are biological gas channels for CO 2. Like NH 3, CO2 differs from other gases in being readily hydrated. We have now tested our speculation by studying expression of the RH1 gene in the photosynthetic microbe Chlamydomonas reinhardtii. Expression of RH1 was high for cells grown in air supplemented with 3% CO 2 or shifted from air to high CO2 (3%) for 3 h. Conversely, RH1 expression was low for cells grown in air (0.035% CO 2) or shifted from high CO2 to air for 3 h. These results make viable the hypothesis that Rh1 and Rh proteins generally are gas channels for CO 2.
T
he Rhesus (Rh) blood group substance is the second most abundant protein in human red cell membranes (Ϸ10 5 copies per cell) (1) . The related RhAG and Rh30 proteins, which constitute this complex (2, 3) , have only one known paralogue, the ammonium and methylammonium transport (Amt) proteins [also called methylammonium permeases (MEP)] (4). Marini and colleagues (5) reported that both Amt͞MEP proteins and the human RhAG and RhCG proteins are active transporters for NH 4 ϩ . Their conclusion regarding Rh proteins was based on the properties of Saccharomyces cerevisiae strains lacking function of its three MEP proteins and carrying cloned human Rh genes. Contrary to the views of Marini et al., we have provided several lines of evidence that Amt and MEP proteins are gas channels for NH 3 and have speculated that Rh proteins are gas channels for CO 2 (6) (7) (8) (9) . To test the viability of our speculation regarding Rh, we have studied expression of the RH1 gene in the green alga Chlamydomonas reinhardtii, one of the few microbes to have RH genes.
Materials and Methods
Media and Growth Conditions. C. reinhardtii strains CC125 (137c; nit1 nit2 mtϩ) (10) , 4Aϩ (nit1 nit2 mtϩ), and CC124 (nit1 nit2 mtϪ) were maintained at 24°C in TAP medium (11) , under continuous illumination (40 mol photons m ) and were bubbled with air enriched with 3% (vol/vol) CO 2 . The nitrogen source was NH 4 Cl (10 mM), arginine (2.5 mM), or hypoxanthine (2.5 mM), as indicated. For growth in low CO 2 , cultures were bubbled with ordinary air [0.035% (vol/vol) CO 2 ]. Chlorophyll aϩb content was estimated after extracting cells with 96% (vol/vol) ethanol (12) .
Sequencing of the C. reinhardtii RH (Cr-RH) cDNAs and Cloning of their
Genes. The cDNA and gene sequences of Cr-RH1 were deposited in GenBank by Liu and Huang (GenBank accession nos. AY013257 and AY013258, respectively) (3). We searched the C. reinhardtii expressed sequence tag (EST) Index (Kazusa DNA Research Institute, Chiba, Japan; http:͞͞www.kazusa.or.jp͞en͞ plant͞chlamy͞EST͞) for homologues of Rh proteins. Clone CL31f08 (accession no. AV395002) and clone HCL086h08 (accession no. AV644354) carried the full-length cDNA sequences of Cr-RH1 and Cr-RH2, respectively. EST clone HCL086h08 carried a fragment of 3,053 bp containing an ORF that was 73% identical to Cr-RH1 (designated Cr-RH2; GenBank accession nos. AF411248 and AF500098). It also carried 986 bp of noncoding sequence downstream of the first stop codon and 153 bp upstream of the first ATG. The Cr-RH2 gene was cloned by PCR from chromosomal DNA of strain 4Aϩ with the following pair of primers: forward primer h08-5 (5Ј-CACACGTAGACAGT-TCCC-3Ј); reverse primer h08-6 (5Ј-GCGGGAGTACTTGC-CATC-3Ј). PCR was performed by using the Expand Long Template system (Roche-Boerhinger) in a 100-l reaction mixture (500 ng of sheared chromosomal DNA, 300 nM of each primer, 500 M dNTPs, 2.25 mM MgCl 2 , and 2.5 units of proof-reading Expand Taq polymerase) under the following amplification conditions: 2 min at 94°C, 29 cycles of denaturation [(10 s at 94°C)͞annealing (30 s at 55°C)͞polymerization (6 min at 68°C)], and 7 min at 68°C. A unique PCR fragment of Ϸ6 kbp was recovered from agarose gels and cloned by using a TOPO TA cloning kit (Invitrogen). The sequence of the Cr-RH2 gene was determined by primer walking and was deposited at GenBank (accession no. AF500097).
Isolation of RNA and Northern Analysis. RNA was isolated as described (13) from cells grown to a chlorophyll aϩb content of 8 g/ml with high CO 2 or 4 g/ml with low CO 2 . Cells were quickly chilled by mixing 2͞3 volume of culture with 1͞3 volume of crushed ice and kept on ice. After centrifugation at 8,000 ϫ g at 4°C for 4 min, the pellet was suspended in cold water at 1͞100 of the original culture volume. An equal volume of 2-fold concentrated lysis buffer (0.6 M NaCl͞10 mM EDTA͞100 mM Tris⅐HCl, pH 8͞4% SDS) was added to the cell suspension, mixed, and the lysate was frozen in liquid nitrogen and stored at Ϫ80°C. For RNA extraction, the lysate was thawed in a water bath at 65°C, proteinase K was added to 40 g/ml, and the lysate was incubated for 5 min at 65°C. Then 0.132 volumes of cold KCl (2 M) was added and the lysate was incubated on ice for 20 min. After centrifugation at 12,000 ϫ g for 10 min at 4°C, the supernatant was extracted with phenol and RNA was precipitated with 0.33 volumes of LiCl (8 M) as described (13) .
Northern blot hybridizations were performed as described (13) . All probes were generated by random primed labeling with the High-Prime System (Roche-Boerhinger) and [␣-32 P]dCTP following instructions of the manufacturer. The RH1 specific probe was obtained by PCR amplification of a 1,401-bp fragment of the last exon (exon 12) using the forward primer Cr-RHp Ͼ11 (5Ј-CGTGTAGAGCGGCAGACT-3Ј) and the reverse primer Cr-RHp Ͻ20 (5Ј-GGATGTGCCTGTTCGATGTGT-3Ј). The RH2 specific probe was obtained by PCR amplification of a 1,075-bp fragment of the last exon (exon 13) using the forward primer h08-7 (5Ј-CGTAATCGGAATGGAGAC-3Ј) and the reverse primer h08-6 (5Ј-GCGGGAGTACTTGCCATC-3Ј). The CAH1-specific probe was obtained by PCR amplification of a 758-bp fragment of the last exon using the forward primer cah-11 (5Ј-ACTTCCCAGTAGTTAGTCACG-3Ј) and the reverse primer cah-12 (5Ј-GTCTCTGCCTCAACTGCACCG-3Ј). The RBCS probe was obtained by PCR amplification of a 664-bp fragment using the forward primer rbc-21 (5Ј-ATGGCCGC-CGTCATTGCCAAG-3Ј) and the reverse primer rbc-22 (5Ј-CATCCACCGCCGTTCGTCAGG-3Ј).
Western Analysis. From cultures grown for isolation of RNA, 10 ml of cells were harvested by centrifugation at 8,000 g for 5 min at 4°C. The cells were suspended to a chlorophyll aϩb content of 200 g/ml by addition of an appropriate amount of SDS loading buffer [60 mM Tris⅐HCl, pH 6.8͞2% SDS͞0.7 mM 2-mercaptoethanol͞0.1 mM phenylmethylsulfonyl fluoride͞10% glycerol͞0.001% bromophenol blue] supplemented with 1% n-octyl␤-D-glucopyranoside (Sigma), and were disrupted by incubation at 37°C for 30 min. Extract corresponding to 4 g chlorophyll aϩb was subjected to SDS͞PAGE, and proteins were transferred to a nitrocellulose membrane. The Rh1 protein was detected with affinity-purified rabbit antibodies raised against a unique C-terminal peptide (Zymed) (Fig. 1A) , and the periplasmic carbonic anhydrase Cah1 was detected with affinity-purified rabbit antibodies directed against the intact protein (14) (generous gift of M. H. Spalding).
Methylammonium Uptake Assays. Assays for transport of [ 14 C]-methylammonium were performed as described (6) at pH 7.2 and 24°C. Cells were grown in the medium indicated and harvested at a chlorophyll aϩb content of Ϸ4 g/ml. Cells were washed twice at room temperature in assay buffer [50 mM Hepes, pH 7.2͞20 mM acetate] and were then concentrated 2-fold in this buffer and prewarmed for 30 min at 24°C under light. Results Chlamydomonas Rh1 and Rh2 Proteins. Chlamydomonas Rh1 and Rh2 were identified by sequence homology to all known human Rh proteins. These include the erythrocyte proteins RhAG and RhcE (Rh30) and nonerythroid Rh proteins (Fig. 1) . Chlamydomonas Rh1 is a protein of 574 amino acid residues with 12 predicted transmembrane spanning segments (3). It has both Nand C-terminal extensions with respect to human Rh proteins. In silico analysis of the Rh1 sequence predicted that the N-terminal extension is a chloroplast transit peptide (ExPASy Molecular Biology Server, Swiss Institute of Bioinformatics, http:͞͞ ca.expasy.org͞tools͞#ptm). Rh2 is a protein of 638 residues and is 73% identical to Rh1. It is also predicted to have 12 transmembrane spanning segments and may carry a chloroplast transit peptide at its amino terminus. The unique C-terminal extension of Rh2 is 64 residues longer than that of Rh1 and accounts for most of their sequence divergence. Both Rh1 and Rh2 have similar degrees of sequence identity with each of the four human Rh proteins (Fig. 1B) .
Levels of RH1 mRNA Are Controlled by CO2 Availability. Northern analysis of total RNA indicated that wild-type C. reinhardtii strain CC125 had high levels of RH1 mRNA when it was grown in air supplemented with 3% CO 2 (high CO 2 ) and low levels when it was grown in air (0.035% CO 2 ) ( Fig. 2A, lanes 1 and 2,  respectively) . Levels of RH1 mRNA were high when cells were shifted from air to high CO 2 for 3 h (lane 3) and low when cells were subjected to the opposite shift (lane 4). Control experiments indicated that mRNA levels for the periplasmic carbonic anhydrase Cah1, whose expression is controlled by the carbon concentrating mechanism of Chlamydomonas (15-21), varied in the opposite direction from those for Rh1 (Fig. 2C) . The high levels of CAH1 mRNA in cells grown in air or shifted to air were as observed (15-17, 20, 21) . Levels of mRNA for the small subunit of Rubisco (ribulose bisphosphate carboxylase͞ oxygenase), RbcS2, were approximately constant under different conditions of carbon availability (Fig. 2D) . Similar results were obtained for a second isolate of CC125 obtained recently from the Chlamydomonas Genetics Center, for wild-type strain 4Aϩ, which exhibits faster growth on acetate in the dark, and for wild type strain CC124, which is mating type minus (data not shown). RH2 mRNA was not detected by Northern analysis of total RNA from strain CC125 (Fig. 2B) .
Levels of Rh1
Protein Are Controlled by CO2 Availability. Western analysis of crude cell extracts using an antibody prepared against a unique C-terminal peptide of Rh1 (Fig. 1 A; see Materials and Methods) indicated that the Rh1 protein was expressed in cells grown in high CO 2 (Fig. 3, lane 1) . Levels of Rh1 protein varied in parallel to levels of mRNA (lanes 2-4). The only difference was that the protein disappeared less rapidly than the mRNA on downshift from high CO 2 to air (lane 3) and appeared less rapidly on upshift (lane 4). The immunoreactive band identified as Rh1 had an apparent molecular mass of 60 kDa, which was comparable to the predicted mass of 62 kDa. This band was not detected in a control experiment in which the synthetic Cterminal peptide was present as a competitor during antibody binding (data not shown). Additional control experiments indicated that protein levels for the periplasmic carbonic anhydrase Cah1 varied in the opposite direction from those for Rh1 (Fig.  1B) . The immuno-reactive band had an apparent molecular mass of Ϸ40 kDa. The molecular mass of the Cah1 precursor is 41.6 kDa, whereas processed, glycosylated forms of Cah1 have apparent molecular masses of 35-37 kDa (14) .
Levels of RH1 mRNA and Protein Are Low Under Nitrogen-Limiting
Conditions. Under nitrogen-limiting conditions, i.e., with arginine as sole nitrogen source instead of NH 4 Cl, levels of RH1 mRNA and protein were low not only for air-grown cells but for cells grown in high CO 2 (Fig. 4A, lanes 4 and 3, respectively , and data not shown). Low expression of RH1 under the latter circumstance may be explained by the fact that Chlamydomonas seldom encounters high CO 2 and nitrogen limitation simultaneously and responds as if it were nitrogen-limited (22) . As expected based on the initial findings, RH1 mRNA was not detected when cells were shifted from air to high CO 2 with arginine as nitrogen source or when they were subjected to the opposite shift (lanes 5 and 6 respectively). Replacing NH 4 Cl with arginine as nitrogen source did not affect expression of CAH1. With either nitrogen source, levels of CAH1 mRNA were high for cells grown in air or shifted to air (Fig. 4B, lanes 4 and 6, respectively) and low for cells grown in high CO 2 or shifted to high CO 2 (lanes 3 and 5, respectively). uptake was detected for cells grown with arginine or hypoxanthine as nitrogen source but not for cells grown with NH 4 Cl. The results were independent of whether cells were grown in air (Fig.  5A ) or high CO 2 (Fig. 5B) . Under conditions in which [ 14 C]-methylammonium uptake was high (nitrogen-limiting conditions), RH1 expression was low (Figs. 4 and 5) . Conversely, when RH1 expression was high (high CO 2 with NH 4 Cl as nitrogen source), [ 14 C]methylammonium uptake was not detected (Figs.  2, 3, and 5 ). These results provide no evidence that Rh1 can substitute for Amt in an organism that contains both proteins naturally.
Discussion
Regulation of expression of the RH1 gene of C. reinhardtii by CO 2 availability provides experimental evidence that Rh proteins, including those of humans, may be biological gas channels for CO 2 . Such regulation provides no support for the view that Rh proteins are active transporters for NH 4 ϩ . The hypothesis that the substrate for Rh proteins is CO 2 rather than NH 3 is in accord with the distribution of Rh proteins among organisms and with the profound differences between their distribution and that of the Amt and MEP proteins (Table 1) (refs. 2, 3, and 24-27; and the National Center for Biotechnology Information BLAST website, http:͞͞www.ncbi.nlm.nih.gov͞ blast͞). Rh proteins appear to be absent from the bacteria and archaea, which may be too small to require them, and are rare in eukaryotic microbes. Within the latter group they occur in the algae, where their physiological role is presumably in acquisition of CO 2 for photosynthesis, and in the slime molds, where they may function to modulate internal pH (C.-H.H., unpublished results). Rh proteins appear to be absent in higher plants, which obtain CO 2 directly from air. They are found in many animalsvertebrate and invertebrate-and are prominent in mammals. The organ and tissue distribution of Rh proteins in animals (footnote to By contrast to Rh proteins, Amt and MEP proteins are widespread among the bacteria and archaea and among eukaryotic microbes and higher plants (4, 25, 30) . They occur in invertebrates but appear to be absent in vertebrates, notably so in mammals. As discussed above, regulation of the Rh1 protein of C. reinhardtii is difficult to rationalize with its being an ammonia channel, and preliminary studies of [ 14 C]methylamine uptake provided no evidence for this being the case. Moreover, although the two Rh proteins of C. reinhardtii are 73% identical to one another and the two Amt proteins of this organism (GenBank accession nos. AF479643 and AV394025) are 57% identical to one another, the Rh and Amt proteins of C. reinhardtii share only Ϸ20% identities.
The carbon concentrating mechanism of C. reinhardtii allows this aquatic organism to carry out rapid photosynthesis despite the fact that diffusion of CO 2 in water is 10,000 times slower than in air (31) . Although the carbon concentrating mechanism (15-21) has been studied extensively, adaptations of C. reinhardtii to high CO 2 availability are less well explored. Recent classification of ESTs indicated that C. reinhardtii expresses almost 2,000 genes more highly under conditions of high CO 2 availability than in air (32) . RH1 is certainly one of these genes. The Rh1 protein may facilitate rapid equilibration of CO 2 when this nutrient is readily available. The RhBG protein is found in kidney (convoluted tubules and Henle's loops), skin, liver, and ovary. The RhCG protein is found in kidney (collecting ducts), brain, pancreas, prostate, and testis (seminiferous tubules) (25, 28, 29) .
